Efficient enzymatic synthesis of tailor-made prebiotic fructo-oligosaccharides (FOS) used in functional food formulation is a relevant biotechnological objective. We have engineered the Saccharomyces cerevisiae invertase (Suc2) to improve its transferase activity and to identify the enzymatic determinants for product specificity. Amino acid replacement (W19Y, N21S, N24S) within a conserved motif (␤-fructosidase) specifically increased the synthesis of 6-kestose up to 10-fold. Mutants with lower substrate (sucrose) affinity produced FOS with longer half-lives. A mutation (P205V) adjacent to another conserved motif (EC) caused a 6-fold increment in 6-kestose yield. Docking studies with a Suc2 modeled structure defined a putative acceptor substrate binding subsite constituted by Trp 291 and Asn 228. Mutagenesis studies confirmed the implication of Asn 228 in directing the orientation of the sucrose molecule for the specific synthesis of ␤(2,6) linkages.
Fructo-oligosaccharides (FOS) have been increasingly used in functional foods and pharmaceutical formulations due to their prebiotic properties and other health-enhancing roles (31) . FOS are composed of several fructose residues connected through ␤-glycosidic linkages and carry a terminal sucrose residue at the reducing end. Fructosyl units may be linked to the terminal sucrose through its fructosyl moiety by ␤(2,1) or ␤(2,6) bonds or by a combination of both (inulin, levan, and bifurcose types, respectively) but also through its glucosyl moiety by a ␤(2,6) bond (neokestose type). FOS are not hydrolyzed by human digestive enzymes and undergo fermentation by the colon microbiota, specifically stimulating the growth of beneficial bacteria (bifidobacteria and lactobacilli) (28, 31) . FOS ingestion has been associated with increased mineral absorption, modification of lipid metabolism, enhancement of the systemic defense function, and prevention of colon cancer and inflammatory bowel disease (28, 31) . About 1,300 patents related to FOS production and applications were approved between 2000 and 2009 (15) .
Among bifidobacteria, metabolization of FOS is species dependent. Moreover, the relative behavior of different species is also conditioned by the chemical nature of the FOS (type of fructosyl-fructose linkages and degree of polymerization). When using inulin-type or levan-type FOS as the sole carbon source, different bifidobacteria species show diverse phenotypes regarding growth rates and patterns of synthesized metabolites (lactate, acetate, formate) (13, 23) . This observation may raise the possibility of modulating the colon microbiota by specific FOS compositions.
Inulin-type FOS can be generated by the hydrolysis of inulin with endoinulinases produced by several microorganisms, mainly fungi and some bacteria (11, 28) . However, a wider chemical spectrum of FOS can be obtained by means of microbial fructosyl-transferases (15, 31) . Both kinds of enzymes belong to the GH32 family, according to the classification given by the Carbohydrate-Active enZYmes database (CAZY; http://www.cazy.org/) (7) . This family comprises enzymes hydrolyzing ␤-fructosyl bonds (invertases, fructan exohydrolases, endoinulinases and endolevanases) but also diverse fructosyltransferases. GH32 enzymes together with the GH68 family (harboring levansucrases, inulosucrases, and ␤-fructofuranosidases) are grouped in the GH-J clan. Both hydrolytic and transfructosylating enzymes in this clan proceed through a double displacement mechanism. The first step consists of the nucleophilic attack of an Asp residue to the anomeric carbon of the fructosyl moiety of the donor substrate (e.g., sucrose), forming a covalent enzyme-fructose (E-F) intermediate, while a Glu residue (the acid-base catalyst) protonates the leaving group (e.g., glucose). In the second step, the acid-base catalyst deprotonates the acceptor molecule to activate it as a nucleophile acting over the anomeric carbon of the fructosyl moiety in the E-F complex. The acceptor molecule may be water (in the case of hydrolytic reactions), releasing free fructose, or another sucrose or fructan (in the case of transfructosylating reactions), synthesizing a new FOS (see Fig. S1 in the supplemental material). Depending on the hydroxyl group of the acceptor molecule, which is subject to deprotonation by the acid-base catalyst, FOS with different types of ␤-fructosyl linkages will be obtained. Different fructosyl transferases have distinct donor and acceptor substrate specificities (34) . GH-J enzymes share a ␤-propeller catalytic domain with three conserved acidic amino acids referred to as the "catalytic triad." In the GH32 enzymes, these three residues (including the nucleophilic Asp, the acid-base Glu, and an Asp residue acting as a transition state stabilizer) are located within three conserved sequences, referred to as the WMNDPNG (or ␤-fructosidase), EC, and RDP motifs, respectively (19) . Surrounding the catalytic site, a set of hydrophobic residues, sometimes termed as the hydrophobic pocket, is also important for the stable binding of the substrate, through van der Waals contacts and CHstacking between the aromatic side chains and the sugar rings (2, 19, 22) . GH32 enzymes typically contain an additional Cterminal ␤-sandwich domain, which is important for maintaining structural stability and may be involved in protein oligomerization in some cases (1, 4) . Sequence divergences between hydrolases and transferases belonging to the GH32 family have been the basis for the rationale design of mutations aiming to improve the transfructosylating capacity of different invertases (1, 2, 26, 32) . The structural basis of donor and acceptor substrate specificities in transfructosylation reactions has also been studied (20, 22) . In this context, a challenging task is finding out the structural determinants of the docking of the fructosyl moiety and its acceptor in a particular orientation, which will finally result in a specific type of linkage. Several studies in which specific residues have been mutated by site-directed mutagenesis have reported changes in the pattern of products recovered (2, 20, 27) , although the conclusions of these studies still do not offer a complete picture of the transfructosylation mechanism. One of the questions that remains unanswered is which residues determine the formation of either ␤(2,1) or ␤(2,6) linkages (34) .
In the present work, we set out to investigate the role of diverse sequence and structural motifs in the transfructosylating activity of the invertase encoded by the SUC2 gene of Saccharomyces cerevisiae. The yeast invertase and the genes encoding it are a classical system in biochemistry and molecular biology studies (8, 9) . A detailed knowledge of the structural determinants in fructosyl-transferases that control transferase efficiency and product specificity will be of great value in a process in which the yeast could be used for the synthesis of tailor-made FOS.
MATERIALS AND METHODS
Strains, transformations, and growth conditions. Saccharomyces cerevisiae strain S288C (24) was grown in YPD medium (1% yeast extract, 2% bactopeptone, 2% glucose) at 30°C.
Escherichia coli XL1-Blue was the host strain for standard DNA manipulations. Transformants were grown in LB medium (0.5% yeast extract, 1% peptone, 0.5% NaCl) with 100 mg/liter ampicillin at 37°C, supplemented with 2% agar, in the case of solid medium.
E. coli Rosetta2 competent cells (Novagen) were used as the recipient strain for the expression of all the SUC2 gene-containing plasmids. The host strain contains the plasmid pRARE2, which encodes a set of tRNAs corresponding to codons with low frequency in E. coli and confers resistance to chloramphenicol. Transformation was performed as specified by the manufacturer, and cultures were grown on 2XTY media (1% yeast extract, 1.5% triptone, 0.5% NaCl) supplemented with 100 mg/liter ampicillin and 68 mg/liter chloramphenicol at 37°C.
Cloning and mutagenesis. Standard DNA manipulations were carried out as described in reference 30. All PCRs were performed with proofreading DNA polymerases (Expand high fidelity, from Roche, or Pfu Ultra II Fusion, from Stratagene). Genomic DNA from S. cerevisiae was isolated as previously described (21, 25) . The SUC2 gene, excluding the sequence of the signal peptide, was amplified from S. cerevisiae genomic DNA with oligonucleotides AL530 (GTGAGCTCACAAACGAAACTAGCGATAGACCTTTGG) and AL529 (G TTAAGCTTTTACTATTTTACTTCCCTTACTTGGAACTTGTC), containing the restriction sites SacI and HindIII, respectively (italics). The PCR product was digested with SacI/HindIII and cloned into the pQE80L vector (Qiagen), which provides a tag of His residues on the N-terminal end of the protein and confers resistance to ampicillin, resulting in the plasmid SUC2-pQE. Site-directed mutagenesis was performed according to the procedure described in reference 17, with the templates and oligonucleotides indicated in Table 1 . The whole SUC2 insert was checked by sequencing in each case. The sequencing of the plasmids was performed using an ABI Prism BigDye Terminator cycle sequencing kit (Applied Biosystems) and oligonucleotides P1 (CCCGAAAAGTGCCACCTG) and P3 (GTTCTGAGGTCATTACTGG), which anneal with the pQE80L vector and prime amplification of the SUC2 insert in the forward and reverse senses, respectively. The labeled products were analyzed at the Sequencing Service of the University of Valencia (Spain) using a 3730 DNA analyzer (Applied Biosystems). Subsequently, each of the plasmids was introduced in the E. coli Rosetta2 strain to optimize expression.
Expression of the SUC2 gene and protein purification. Transformants were grown at 37°C up to an optical density (OD) at 600 nm of 0.6 before induction with 5 mM IPTG (isopropyl ␤-D-1-thiogalactopyranoside) for 14 h at 12°C. Cultures were centrifuged (2,400 ϫ g for 20 min at 4°C; Sorvall centrifuge, Fiberlite F14-6x250g rotor), and cells were concentrated 100-fold by resuspending the pellet in buffer A (20 mM phosphate, 10 mM imidazole, 500 mM NaCl [pH 7.4]) containing 1 mg/ml lysozyme and Complete EDTA-free protease inhibitor cocktail (Roche). The suspension was incubated on ice for 30 min, and cells were broken by sonication (5 cycles of 30 s at 200 W with a pulse frequency of 0.5 per second, followed by 30 s at rest) with a Labsonic from Braun-Biotech, keeping the sample on ice. This extract was centrifuged (9,200 ϫ g for 1 h at 4°C; Sorvall centrifuge, SS-34 rotor), and the supernatant was kept at 4°C until further analysis.
Protein purification was carried out by affinity chromatography in a HisTrap FF Crude 1-ml column, coupled to an Ä kta purifier (GE Healthcare). The column was equilibrated in buffer A, and after sample injection, it was washed with 5 column volumes (CV) of buffer A, followed by 2.5 CV of 10% buffer B (20 mM phosphate, 500 mM imidazole, 500 mM NaCl [pH 7.4]). The enzyme of interest was eluted with a linear gradient of from 10% to 100% buffer B in 5 CV, and finally, the column was washed with 5 CV of 100% buffer B. The eluted fractions were analyzed by SDS-PAGE and Coomassie staining. Samples containing a band with the expected size of Suc2 (Ͼ95% pure) were dialyzed (1/10,000) against a buffer containing 20 mM phosphate and 50 mM NaCl (pH 7.5) and kept at Ϫ20°C until they were analyzed.
Enzymatic assays. The global activity of the enzymes was estimated as the kinetics of glucose release, which is concomitant to both the hydrolytic and transfructosylating reactions (see Fig. S1 in the supplemental material). The reaction was carried out in duplicate by incubating 10 l of the soluble protein extract with sucrose at a final concentration of 1.75 M in 100 mM acetate buffer, pH 4.8, at 50°C. The enzyme was inactivated afterwards by boiling the sample at 100°C for 10 min. The released glucose was determined with a commercial kit from Sigma Diagnostics (Sigma 510-A). One unit is defined as the amount of enzyme that releases 1 mol of glucose per minute at 50°C and pH 4.8. For the evaluation of the kinetic constants, a similar assay was carried out. In this case, the pure enzyme (0.045 to 0.33 g/ml) was incubated with sucrose concentrations ranging from 12 to 50 mM to 1,000 to 1,500 mM, depending on the saturation kinetics of each protein. The reaction was not allowed to proceed after a glucose accumulation of 15 mM, in order to prevent product inhibition (10) . The rest of the conditions were the same as those in the previous assay.
The same units of enzyme were used for comparing the transfructosylating activity of different enzymes. After incubating soluble protein extract (0.15 U/ml) or the pure enzyme (0.6 U/ml) with 1.75 M sucrose at 50°C and pH 4.8 (except when indicated in the figure legends), the reaction was stopped by boiling at 100°C for 10 min. This product was stored at Ϫ20°C until analysis by highperformance anion exchange chromatography through a CarboPac PA-100 column (4 by 250 mm), coupled to a pulsed amperometric detector (Dionex). Using solutions A (water), B (1 M NaOH), C (1 M sodium acetate), and D (water), the following running profile was applied: time zero, 45% A, 10% B, 45% D; 2 min, 45% A, 10% B, 45% D; 5 min, 35% A, 30% B, 35% D; 12.5 min, 27.5% A, 30% B, 15% C, 27.5% D. For the identification and quantification of each of the studied compounds, standards of known concentrations were previously injected and eluted in the same conditions as those for the sample. Glucose, fructose, sucrose, 1-kestose, and nystose were purchased from Sigma, whereas 6-kestose was obtained as previously described (3) . Prior to injection, the samples were cleared through a 0.45-m filter and diluted properly to obtain a signal for each of the analyzed sugars within the linear range response of the corresponding standards.
Protein gel analysis. Samples were mixed with 2ϫ loading dye (0.125 M Tris-HCl, 4% SDS, 20% glycerol, 0.05% bromophenol blue, and 0.1% ␤-mercaptoethanol) and boiled at 100°C for 5 min. SDS-PAGE analysis was performed with 12% polyacrylamide gels that were subsequently stained with Coomassie R250. Protein standards were purchased from National Diagnostics (catalog no. EC-898; Protmarker).
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Computer analysis and molecular modeling. ClustalW multiple sequence alignments were carried out with the program Bioedit (16). For molecular modeling of Suc2, the best structural homologue (the invertase from Schwanniomyces occidentalis; Protein Data Bank [PDB] identification code 3KF5) was found with the I-Tasser server (29) , showing a 48% sequence identity with Suc2. This alignment was used by the program Swiss-Model (5) to generate the final structural model. Structural alignment was accomplished with the Dalilite server (http://www.ebi.ac.uk/Tools/dalilite/index.html). Docking analysis between 6-kestose and the modeled Suc2 was carried out with the program Autodock (33). The 6-kestose coordinates were retrieved from the crystal structure deposited in the Cambridge Structural Database (CSD; reference code CELGIJ). All hydrogen atoms were added to the ligand and charges were assigned by the Gasteiger method using AutoDockTools program. All bonds of hydroxyl groups and glycoside linkages, but not those of the sugar rings, were defined as rotatable bonds. The protein model contains the coordinates of the modeled Suc2, but some manual adjustment of Trp 48, Glu 203, and Tyr 267 side chains was necessary to allow the entrance of the ligand into the active site. Polar hydrogen atoms were then added using AutoDockTools. Autodock 4.0 was executed 50 times with the Lamarckian genetic algorithm (LGA), a population size of 150, elitism set at 1, mutation rate of 0.02, and crossover rate of 0.80. Simulations were performed with a maximum of 2,500,000 energy evaluations and a maximum of 27,000 generations. Docking results were clustered using a cutoff of 2 Å root mean square deviation (RMSD). The lowest total docking energy of Ϫ11.1 kcal/mol was obtained for a position in the highest ranked cluster, which contained 23 out of 50 runs and had a mean docking energy of Ϫ9.1 kcal/mol. Further analysis of modeled structures was performed with the program Pymol (2006; Delano Scientific, LLC).
RESULTS
Basal transfructosylating activity of wt Suc2. Wild-type (wt) Suc2 and an inactive version of the enzyme (D22N) were efficiently synthesized in E. coli (Fig. 1A) .When the soluble extract of the transformants was incubated with sucrose, the wt enzyme not only exhibited hydrolytic activity, releasing free fructose, but also showed some transfructosylating activity, 1B) . Moreover, other minor unidentified peaks could be detected in the chromatogram of the reaction product, probably corresponding to other FOS. None of these showed the characteristic retention time of nystose, the tetrasaccharide derived from 1-kestose by the addition of one fructosyl unit with ␤(2,1) linkage. All the peaks assigned to FOS, glucose, and fructose should be derived from the activity of Suc2 and not from any other enzyme in the extract, since they were absent in a control assay with the D22N transformant (Fig.  1B) . The yield of FOS synthesis by wild-type Suc2 was very low, representing less than 3% of the total sugar content of the reaction. The maximum production of 6-kestose achieved by purified wt Suc2 incubated with 1.75 M sucrose at 50°C, pH 4.8, was less than 25 mM (not shown). Design of mutations in the hydrophobic pocket and ␤-fructosidase motif of Suc2 and study of their effects on transfructosylating activity. Mutagenesis studies of GH32 and GH68 enzymes have suggested that the residues corresponding to Suc2 Trp 19 and Phe 82, included in the hydrophobic pocket of the active site, are involved in substrate binding (18, 22) . Enzymes from the GH-J clan with different activities show some sequence divergence in these residues. Trp 19 is located within the ␤-fructosidase motif ("WMNDPNG") containing the Asp acting as a nucleophile in the catalytic mechanism. Within this motif, residues corresponding to Trp 19, Asn 21, and Asn 24 in Suc2 are quite conserved among hydrolases from the GH32 family, whereas they are often replaced by other residues in transferases (Fig. 2) . According to these sequence divergences, Suc2 single mutants W19Y, N21S, and N24S, alongside double and triple mutants combining these substitutions, were constructed. On the other hand, the Phe at position 82 in Suc2 is replaced by Trp in invertases from plants (within the "WSGSAT" motif) (19) , but enzymes with transfructosylating activity from both the GH32 and GH68 families with diverse phylogenetic origins also show some preference for Trp in this position (Fig. 2) . The relevance of this residue in the transfructosylase/hydrolase ratio was investigated by constructing the F82W mutant. Also within the hydrophobic zone that surrounds the catalytic site, the substitution of Trp 440 from the Allium cepa invertase (AcINV) by Tyr doubled the transferase capacity of this enzyme (1). This residue is located within motif "WGW/Y," which is relatively conserved in GH32 enzymes from plants, with hydrolases and transferases containing preferably Trp and Tyr, respectively, in the third position. This region shows low sequence similarity with bacterial and fungal enzymes from the same family (Fig. 2) . Despite this, structural modeling of Suc2 and superposition with the experimentally solved structure of Arabidopsis thaliana invertase (AtINV) showed that Trp 287 in Suc2 corresponds to AcINV Trp 440 (Trp 340 in AtINV) (see Fig. S2 in the supplemental material). Similar structural alignments (not shown) revealed that in transferases from the GH68 family, the homologous residue is also a Tyr (Fig. 2) , in agreement with the hypothesis that the replacement of Trp by Tyr in this position may favor transfructosylating activity. However, AtINV Trp 340 is located at the surface of the protein, whereas in Suc2, an extended loop is predicted to hide Trp 287 from the solvent and, as part of that loop, Trp 291 is placed at the entrance of the active site (see Fig. S2 in the supplemental material) . Therefore, Trp 291 was considered an alternative target for site-directed mutagenesis within this hydrophobic pocket, and Suc2 mutants W287Y and W291Y were also generated.
All the mutated versions of the SUC2 gene were efficiently expressed in E. coli except for the W287Y mutant, as analyzed by SDS-PAGE (see Fig. S3 in the supplemental material). This heterologous protein was not visible by Coomassie staining of the transformant soluble extract, probably as a result of some structural instability conferred by the mutation, although some expression could be detected by an enzymatic assay ( Table 2 ). The kinetics of glucose release in reactions catalyzed by the mutant enzymes give an estimator of their total activity, since glucose is produced as a result of both hydrolysis and trans- Within the mutations in the hydrophobic pocket of the catalytic site, the W287Y and W291Y substitutions significantly decreased the intrinsic activity of the enzyme, whereas the other mutants showed activity values similar (F82W) or even slightly higher (W19Y) than that of the wild-type enzyme (Table 2). Regarding the mutations in the ␤-fructosidase motif, the N24S mutation and its combinations (W19Y/N24S, W19Y/ N21S/N24S) showed a more detrimental effect on the global activity of the enzyme than did the N21S and W19Y/N21S mutations. The transfructosylase activity of the different mutants was compared using the same units of enzyme (evaluated as the initial rate of glucose release) in all cases. The reaction product after incubation with sucrose for different times was analyzed, and the chromatographic peaks corresponding to glucose, fructose, 1-kestose, and 6-kestose were quantified. Data sets with most similar glucose concentrations were selected for comparison, since glucose release is a common step for hydrolysis and transfructosylation (see Fig. S1 in the supplemental material) . This means that we compare between different enzymes how many sucrose molecules have been directed to transfructosylation after a similar amount of substrate has been cleaved at the initial step. For each enzyme, a good reproducibility of results was found (for data sets of the same enzyme with glucose concentrations diverging less than 15% of the mean, 6-kestose results diverted between 3 and 9% of the mean [not shown]). When comparing different enzymes, we considered significant those increases in FOS synthesis exceeding 1.5-fold for pairs of data sets with glucose concentrations differing less than 15% from the mean. No significant changes were observed with any of the unidentified peaks in Fig. 1B (not  shown) . This was also true for the rest of mutants analyzed in this work. None of the mutations in the hydrophobic pocket had a remarkable effect per se on the transfructosylating capacity of Suc2 (Fig. 3) . However, both N21S and N24S substitutions increased the synthesis of 6-kestose 6-fold. Interestingly, the combination of N21S and W19Y substitutions had a synergistic effect, with a 10-fold increase in the synthesis of 6-kestose in the double (W19Y/N21S) and triple (W19Y/N21S/ N24S) mutants, whereas the phenotype of the W19Y/N24S double mutant regarding the synthesis of 6-kestose was quite similar to that of the N24S single mutant (Fig. 3) . In all cases, the production of 1-kestose remained unaltered compared to that of the wt enzyme. The yield of FOS in the total sugar content of the product was 11 to 13% with the enzymes N21S, N24S, and W19Y/N24S and up to 18% with the double and triple mutants, including the N21S substitution (Fig. 3) . Catalytic properties of transfructosylating mutant enzymes and kinetics of FOS synthesis/hydrolysis. According to the results presented above, N21S and N24S mutations and the W19Y substitution, when combined with N21S, contributed to increase the transfructosylating capacity of Suc2. Therefore, enzymes N21S, N24S, and W19Y/N21S were purified from E. coli extracts (Fig. 4A ) in order to characterize the impact of these mutations on catalytic turnover and substrate affinity. All enzymes followed a Michaelis-Menten behavior up to sucrose concentrations of 1 M (wt and N24S) or 1.5 M (N21S and W19Y/N21S) at 50°C (not shown). Mutant enzyme N21S did not show a significant change in k cat compared to that of the wild-type enzyme (Table 3) . However, the K m of N21S increased around 34-fold, indicating a considerable decrease in the substrate affinity of this enzyme (Table 3) . A similar behavior was shown by the W19Y/N21S double mutant. In contrast, N24S had a 10-fold lower k cat but a slightly lower K m than those of Suc2.
Because different oligosaccharides (such as nystose, 1-kestose, and raffinose) are also substrates for hydrolysis by invertases (3, 6, 14) , the kinetics of synthesis and degradation of 6-kestose by different mutant enzymes (N21S, N24S, W19Y/ N21S, W19Y/N/21S/N24S) was studied, in order to determine the stability of the FOS along the reaction time and the maximum yield in each case. The same units of enzyme (determined as the initial rate of glucose release) were used in all cases. As the reaction progressed, the rate of glucose release was slowed down with similar kinetics, except for N24S, which maintained a higher activity for a longer period (Fig. 4B) . This probably resulted from the consumption of sucrose and the lower affinity (higher K m ) for the substrate of the mutants containing the N21S substitution (Table 3) . Similarly, kinetics of 6-kestose production by N24S mutant diverged considerably from those of the rest of the enzymes (Fig. 4C) . The N24S mutant yielded a maximum 6-kestose production of 200 mM after 20.5 h of incubation with sucrose, but this was fully hydrolyzed after 50 h (half-life of 15 h). The enzymes containing the N21S mutation produced higher 6-kestose concentrations at the kinetic maximum (270 mM with N21S, 370 mM with W19Y/N21S, and 380 mM with W19Y/N21S/N24S) at 20.5 h, with a longer half-life (80 h for N21S and 60 h for W19Y/N21S and W19Y/N21S/N24S). This slower hydrolysis of the 6-kes- tose may be derived also from a lower substrate affinity in these enzymes. Implication of the "EC" motif in the transfructosylating efficiency of Suc2. The "EC" motif in GH32 enzymes contains the Glu residue acting as the general acid/base catalyst in the reaction mechanism. Among GH32 enzymes, the residue after the Cys of this motif shows some divergence, with vacuolar plant invertases and transferases showing preferentially Val and cell-wall invertases from bacteria, fungi, and plants presenting Pro (Fig. 2) . The P205V substitution was incorporated into Suc2 and into the double mutant W19Y/N21S, in order to assess the impact of this modification on the transfructosylating capacity of these enzymes. Both P205V and P205V/W19Y/ N21S were synthesized in E. coli with good yields (see Fig. S3 in the supplemental material). Global activity recovered from the extract of the P205V transformant was similar to that of Suc2, whereas the triple mutant showed a significant decrease in activity compared to that of the W19Y/N21S mutant ( Table  2 ). The P205V substitution per se increased 5-fold the synthesis of 6-kestose, compared to that of the wild-type enzyme, generating 10% FOS in the total sugar content of the product (Fig.  3) . The P205V/W19Y/N21S triple mutant synthesized 10-fold the 6-kestose released by wt Suc2 (18% FOS), thus resulting in a transfructosylating capacity very similar to that of the W19Y/ N21S double mutant (Fig. 3) .
Study of the pH dependence of the activity of transfructosylating mutants in the ␤-fructosidase and EC motifs. Previous studies with a cell-wall plant invertase revealed that a substitution equivalent to P205V caused a shift of the optimum pH of the global activity of the enzyme to a more basic value (14) . We analyzed if the same applies also to the P205V mutant obtained in this work, and studied pH dependence (in the range of between 3.8 and 5.7) of hydrolase and transferase activities. The W19Y/N21S mutant showing the highest transfructosylating capacity in this study was analyzed in parallel, together with the wild-type enzyme. In the case of wild-type Suc2, optimum pH for global activity (estimated as the release of free glucose) was between 3.8 and 4.8, whereas the synthesis of FOS was not significantly affected in the pH range of 3.8 to 5.7 (Fig. 5A) . In contrast, both P205V (Fig. 5B ) and W19Y/ N21S (Fig. 5C ) showed a clear shift in the optimum pH of the global activity toward values of 4.8 to 5.7. The synthesis of 6-kestose was also most efficient in this range of pHs, whereas hydrolase activity (estimated by the release of free fructose) did not show such a strong pH dependence in the case of P205V, and it was roughly pH independent with W19Y/N21S. As a consequence, the transferase/hydrolase ratio of the mutant enzymes increased at higher pHs. This was reflected in the increasing values of the Glc/Frc ratios of P205V and W19Y/ N21S as the pH became less acidic (Fig. 5B and C, inset) .
Implication of Asn228 in the product specificity of the transfructosylating reaction. An interesting aspect of all the mutant enzymes described so far in this study is the high product specificity of the transferase reaction, with 6-kestose/1-kestose ratios of over 8 in all cases (Fig. 3) . Product specificity must be determined by the orientation of the sucrose acceptor molecule in the catalytic site of the reaction intermediate enzymefructose (E-F). The enzyme conjugated with the reaction product may be a good structural analogue of the precursor in which a sucrose molecule binds to the E-F complex. Thus, in order to determine which contacts may stabilize the acceptor sucrose molecule in the active site, a docking study was carried out with 6-kestose and the model of Suc2 (Fig. 6 ). Since site ϩ1 (according to the nomenclature in reference 12) may be used for binding sucrose as both donor and acceptor molecules, the on June 24, 2017 by guest http://aem.asm.org/ residue located at site ϩ2 (Asn 228) was selected to perform site-directed mutagenesis. Mutant versions were generated within the framework of wt Suc2 or N21S. All the mutant enzymes (N228R, N228A, N228R/N21S, N228A/N21S) were readily synthesized in E. coli (see Fig. S3 in the supplemental material). The N228R substitution caused a decrease in the global activity of Suc2, which was more intense when combined with the N21S mutation ( Table 2 ). This deleterious effect was even higher for the transferase activity of these mutants, almost abolishing their transfructosylating capacity (Fig. 3) . In contrast, the global activity of the N228A mutant was similar to that of the wild-type enzyme, although that of the N228A/N21S double mutant was also reduced (Table 2). The N228A single substitution did not affect the transferase activity of the enzyme either (Fig. 3) . However, the N228A/N21S double mutant synthesized 16% FOS in the total sugar content of the reaction product, producing 6-kestose and 1-kestose in equimolar amounts (Fig. 3) .
DISCUSSION

Determinants for increasing transfructosylating efficiency.
In this study, we have analyzed the function of defined sequence and structural motifs on the transfructosylating capability of Suc2. Our results (Fig. 3) , show that substitution of different residues located in the hydrophobic pocket (W19Y, F82W, W287Y, W291Y) are not sufficient to change the hydrolase/transferase ratio of the enzyme. The internal and probably compactly packed position of Trp 287 may explain why the W287Y mutation compromises the correct folding of the enzyme, whereas its structural analogue in the invertase from Allium cepa (Trp 440), which is located at the surface of the protein, is probably involved in acceptor substrate binding (1) . Docking studies indicate that in Suc2, Trp 291 may serve as a platform for binding sucrose as an acceptor molecule (Fig. 6) , and current mutagenesis studies suggest that this role may also be accomplished by Tyr.
The ␤-fructosidase motif (WMNDPNG) harbors the Asp acting as nucleophile in the mechanism of reaction characteristic of GH32 enzymes. N21S and N24S mutations resulted in a 6-fold increase in the synthesis of 6-kestose (Fig. 3) , supporting previous evidence about the relevance of this motif in transfructosylating activity (2, 26, 32) . The W19Y single mutation had no effect on the transferase activity of Suc2, as observed for other plant and yeast invertases (2, 32) . However, it enhanced the synthesis of 6-kestose when combined with N21S over that achieved with the single mutations. This synergistic effect is not observed for the W19Y/N24S double mutant and may rely on the structural proximity of W19 and N21 (Fig. 6) .
Substitutions N21S and N24S had very different effects on the catalytic properties of the enzyme, with the former specifically increasing the K m of the enzyme and the latter decreasing the k cat without affecting substrate affinity. This may be explained because the mutation N21S would disrupt a putative hydrogen bond with the fructosyl moiety of the substrate, whereas Asn 24 would not be in direct contact with it (Fig. 6) . Instead, Asn 24 may constitute a molecular Velcro between two ␤-sheets, forming a bridge between Gln 40 and Ser 83, which in turn may be in close contact with the substrate (Fig.  6 ). Mutation N24S would thus result in a higher flexibility of the residues of the catalytic site. These different catalytic properties have important consequences in the half-life of the 6-kestose, which is considerably longer with the enzymes con- taining the N21S mutation than with the N24S mutant (Fig.  4C ). This is especially relevant from an industrial point of view, since a higher stability of the synthesized FOS not only results in a higher yield but also alleviates the need for a tight control of the reaction progress, in order to stop it before the decay of the product. A low substrate affinity seems a common characteristic of natural fructosyl-transferases, which show K m values in the range of 0.1 to 1 M, in contrast with invertases, which have millimolar K m values (1, 26) . Within the ECP motif, the P205V mutation improved the transfructosylating activity of the enzyme, increasing the synthesis of 6-kestose 5-fold compared to that of the wt, as reported with an equivalent mutation in the invertase of S. occidentalis, which augmented the synthesis of FOS 1.6-fold. The increased transfructosylating activity of the P205V mutant may rely on the alleviation of the structural rigidity conferred by the Pro residue. The contiguous Cys residue (C204), which forms a putative hydrogen bond with the Asp acting as a transition state stabilizer (D151) and a peptidic bond with the acid/base Glu (E203), may play an important role in this context. A modification of the orientation of the side chain of Cys 204 and/or Glu 203, induced by the P205V substitution, may change the pK a of the latter, affecting the optimum pH of the enzyme, as it actually occurs (Fig. 5) .
The strong dependence of the transferase/hydrolase ratio of both W19Y/N21S and P205V on pH may be a consequence of an increased affinity for sucrose at the acceptor substrate site at higher pHs. An alternative hypothesis may be that the interaction between sucrose and the enzyme decreases the pK a of the acceptor hydroxyl group to be deprotonated. Since variations in pH may cause conformational changes of the active site and/or modifications in the protonation state of amino acid side chains interacting with sucrose, this pK a shift may be enhanced at higher pHs.
Overall, one key factor to modify transfructosylating efficiency seems to be loosening the structural rigidity of the active site. In some cases (mutation N21S), this was achieved by decreasing the number of interactions with the donor substrate, which in turn resulted in a higher K m value. In other cases, the mutations (N24S, P205V) may favor the flexibility of residues involved in the catalytic site. This decreased rigidity may facilitate the positioning of the acceptor substrate in the correct orientation for the transfructosylating reaction to proceed.
Determinants for product specificity. Mutations in the ␤-fructosidase motif (N21S and N24S) and the ECP motif (P205V), and their combinations, specifically increased the yield of 6-kestose without affecting the synthesis of 1-kestose, enhancing the intrinsic preference of Suc2 for the synthesis of 6-kestose versus 1-kestose (Fig. 3) . Such a bias for the production of 6-kestose has also been shown for another yeast invertase (3), whereas plant invertases synthesize mainly 1-kestose (26, 32) . Docking analysis prompted us to study the role of Asn 228 in a putative acceptor-substrate site (Fig. 6) . The high specificity of the N21S mutant for the synthesis of 6-kestose was completely abolished when the N228A mutation was introduced, whereas N228R mutants lacked any transfructosylating activity (Fig. 3) . These results suggest that Asn 228 may indeed constitute a key component to fix sucrose in a specific orientation at the acceptor-substrate binding site, as predicted by the docking study (Fig. 6) . The substitution of this residue by the more voluminous Arg may interfere seriously with the binding of sucrose at this site, thus destroying transferase activity. The replacement of Asn 228 with the smaller Ala would still allow sucrose binding by means of Trp 291, which may serve as a hydrophobic platform for the sugar rings in a broader range of orientations. This looser attachment would permit the formation of both ␤(2,1) and ␤(2,6) linkages with similar efficiencies.
Previous studies proposed that residues equivalent to Trp 19 (within the WMNDPNG motif) and Trp 287 (in the WGW/Y motif) (Fig. 2) would form an acceptor-substrate binding site in transferases from plants synthesizing mainly 1-kestose (1). However, the sequences of the WGW/Y motif from these proteins are clearly divergent in GH32 enzymes from yeasts and fungi (Fig. 2) . Our results suggest that Trp 291 in cooperation with Asn 228 would configure the acceptor-substrate binding site in Suc2, and probably in other yeast enzymes with similar sequences in these regions, promoting certain preference to synthesize 6-kestose.
